Abstract
Electrophysiological techniques were used to determine the ion selectivity properties and the spatial distribution of the membrane conductance of amphibian Miiller cells. Membrane potential changes recorded during ion substitution experiments in frog (Rana pipiens) retinal slices demonstrated that the Miiller cell K+:Na+ membrane permeability ratio is approximately 49O:l and that cell Cl-permeability is extremely low. In frog retinal slices, Miiller cell input resistance was 8.5 megohms when measured in the inner plexiform layer and 4.8 megohms when measured in the optic fiber layer. Intact, enzymatically dissociated salamander (Ambystoma fig&urn) cells had an input resistance of 7.9 megohms, whereas cells lacking their endfoot process (removed by surgical microdissection or by shearing force) had a resistance of 152 megohms.
Pressure ejection of a 100 mM K+ solution near the proximal surface of the endfeet of dissociated salamander cells produced depolarizations 7 times greater than did ejections near the lateral face of the endfoot and 24 to 50 times greater than did ejections near other cell regions. Similar K+ ejection results were obtained from Miiller cells in salamander and frog retinal slices. Taken together, these results demonstrate that in both the frog and the salamander, approximately 95% of the total membrane conductance of Miiller cells is localized in the cell's endfoot process. In salamander, the specific membrane resistance of the endfoot membrane was estimated to be 32 ohm.cm* whereas the specific resistance of the remainder of the cell was 7300 ohm .cm2. This remarkably nonuniform conductance distribution has important consequences for theories concerning K+ regulation in the retina and for mechanisms underlying electroretinogram generation.
The physiological properties of glial cell membrane were first studied by Stephen Kuffler and his colleagues 20 years ago. These investigators demonstrated that the membrane of both vertebrate and invertebrate glia is selectively permeable to potassium and is electrically Inexcitable (Kuffler, 1967) . Many types of glial cells have been shown to be almost exclusively permeable to K+. These include glia of the vertebrate optic nerve (Kuffler et al., 1966) , the spinal cord (Lothman and Somjen, 1975) , the leech central nervous system (Kuffler and Potter, 1964; Nicholls and Kuffler, 1964) , and astrocytes (Walz et al., 1984) and oligodendrocytes (Kettenmann et al., 1983 ) in primary culture. Based on their findings, Kuffler (1967) and others proposed that Received November 8, 1984; Revised January 30,1985; Accepted February 5, 1985 ' I wish to thank Janlce I. Gepner and Stephen A. Raymond for their valuable comments on the manuscript. This research was supported by Natlonal lnstltutes of Health Grant EY 04077. glial cells mediate several important physiological processes related to interstitial K+ levels. Castellucci and Goldring (1970) and Cohen (1970 Cohen ( , 1974 (Newman, 1979) . A similar suggestion was offered by Tomita and his colleagues based on their studies of field potentials generated by spreading depression episodes (Mori et al., 1976a, b) and by intra-retinal injection of K+ (Fujimoto and Tomita, 1981; Yanagida and Tomita, 1982 (Newman, 1981 (Newman, , 1984 .
Materials and Methods

Animals.
Mijller cell recordings were made from the leopard frog, Rana pip/ens, and from the tiger salamander, Ambystoma tignnum mavortium. Retinal slice. Retinal slices of both frog and salamander retinas were prepared as described by Werblln (1978) . Dark-adapted eyes were hemisected and the back half was cut into smaller squares. These retinal pieces were placed vltreal side down on squares of filter paper (Scheicher & Schuell membrane filter), and the sclera, choroid, and pigment epithelium were peeled off, leaving an Isolated retina. The filter paper and retina were submerged in a perfusion chamber filled with Ringer's solution and were sliced into 150.pm sectlons using a tissue chopper. Slices were attached to the bottom of the perfusion chamber (a glass microscope slide) with beads of petroleum jelly so that their cut faces were oriented upward. A coverglass flxed 3.5 mm above the glass sltde formed the top of the perfusion chamber.
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The chamber was perfused by a gravity feed system supplred from one of several reservorrs. Perfusate was removed from the chamber by suction. The chamber contarned 0.5 ml of perfusate and was perfused at a rate of 12 ml/min when swrtchrng between Ringer's solutrons of differing composttion.
Retrnal slrces were vrewed directly at X 200 magnrficatron through the Nomarski optics of a compound microscope and through a video system attached to the mrcroscope trinocular. Normal microscope illumrnatron was used, which thoroughly light-adapted the retrnal sections. Retrnal layers were clearly visible and identifiable (see Fig. 1 some, but not all, of the fine cellular processes that extend from the main body of these cells in viva. These remaining processes were resorbed
Into the trunk of the cells withrn the following mrnutes. It IS not known whether other cell processes were broken off during the Isolation procedure or whether they were retained during dissocratron and quickly resorbed.
The drssocrated cells were prpetted into a perfusion chamber similar to that used for retinal slices. It differed only in that the glass slide formrng the bottom of the chamber was coated with concanavalin A in order to anchor the dissociated cells. a solution of concanavalrn A (0.7 mg/ml; Sigma C-2010) in 1 M NaCl was applied to and allowed to dry on the gelatin-coated surface of glass slides The slides were rinsed in drstrlled water prior to use. Recordrngs were made from isolated cells within the first 2 to 3 hr following dissociation.
Solutions In order to estrmate surface area, cells were assumed to be cylindrically symmetric.
The width of a cell (diameter of the cell cylinder) was measured at 3.5.pm intervals along the entire length of the cell. The areas of all of the cylrndrical segments plus the areas of the top (the distal end) and the bottom (the proximal face of the endfoot) of the cell were added to obtain the total surface area. The distal end of the cell is composed of microvrllar projections which were estimated to double the actual surface area in this region of the cell (based on responses to K' ejections, see "Drscussion").
Thus, the measured surface area of the distal end of the cell was doubled for purposes of calculating total cell surface area.
Results
Frog retinal slices. intracellular Miller cell recordings were made from frog retinal slices perfused with HEPES-Ringer's (Fig. 1 ). Cells were penetrated with intracellular electrodes aligned with the middle of the inner nuclear layer (where Mtiller-cell cell bodies are located), thus maximizing the probability of obtaining stable Mtiller cell penetrations Mtiller cell penetrations were identified by their large resting membrane potentials, which averaged -90.6 f 3.9 mV (n = 17) in stable recordings. (Mean values f SD are given in this paper.) Mtiller cell penetrations were also confirmed in preliminary experiments by the iontophoretic injection of the fluorescent dye Lucifer Yellow into cells having large resting potentials. These injections revealed a cell morphology typical of Mijller cells. Miller cell recordings from retinal slices could frequently be held for more than 1 hr.
K+ selectivity of Miiller cells. The selectivity of Miller cell membrane to KC was determined by monitoring changes in the cell membrane potential, E,, as the K+ concentration of the perfusate was altered. In response to a step increase in the [K+] of the perfusate, cells depolarized, reaching a new stable level within 2 to 3 min (Fig. 2) . When [K'10 was raised above 10 mM, Mtiller cells sometimes depolarized rapidly and then gradually repolarized to a new stable level. This transient depolarization, indicated by the arrow in Figure 2 , is presumably due to neuronal release of K+ during an episode of spreading depression. The maximum depolarization reached during these transient responses was -42 f 5 mV (n = 8).
Results from one perfusion experiment on a single cell are illustrated in Figure 3 . As shown by the solid circles in Figure 3 , Mijller cell Em varied linearly with log ([K+],) over an extremely wide range of perfusate [K+] . The data were fit by a straight line having the Nernstian slope of 59 mV/decade change in [K+] ,.
E, deviated from the ideal K+ voltage only for very low values of [K+],, below approximately 2.5 mM. As in other types of cells, this deviation could be due to an Na+ conductance. This was tested by fitting the data points with the voltage predicted by the Goldman equation (incorporating both K+ and Na+ permeabilities; Goldman, 1943 ). An [Na'10 of 112 mM and an [Na'], of IO mM were assumed 0 OSL- for these calculations. As seen in Figure 3 (curved line) an excellent fit was obtained for this cell when a K+:Na+ permeability ratio of 435:l was used.
If the deviation of E, from the K+ equilibrium potential is due to Na+ conductance, this deviation should be eliminated if Na+ flux is also eliminated. This was accomplished by substituting choline for Na+ in the perfusate. As shown in the open circles of Figure an initral rapid depolarization followed by a slower continuous depolarization. The initial depolarization ranged from 2.5 to 5 mV in amplitude and occurred within 1 to 2 min of the introduction of the drug. Following this initial phase, the cell continued to depolarize at a rate of 0.4 to 2.1 mV/min. This slow depolarization was monitored for more than 30 min in some cells and could be partially reversed by washing out the ouabain with fresh Ringer's, Following ouabain removal, cell depolarization was either halted or reversed, but cells never repolarized completely to their initial membrane potential.
Miller cell impedance in retinal slices. Mtiller cell input resistance was measured in frog retinal slices bathed in HEPES-Ringer's Mtiller cells were penetrated in two retinal laminae, in the inner nuclear layer, where Mdller-cell cell bodies are located, and in the optic fiber layer, where Miller cell endfoot processes lie. When cells were penetrated in their cell bodies, a mean resistance of 8.5 f 0.7 megohms was measured (n = 44). When cells were penetrated in their endfeet, a resistance of 4.8 f 1.0 megohms was found (n = 14).
Responses to K+ ejections in retinal slices. The regional distribution of Muller cell K+ conductance was studied by monitoring cell depolarizations generated by localized increases in [K+] ,. The rationale for this experimental approach is that the amplitude of cell depolarization produced by such a [K'10 increase is directly proportional to the conductance of that portion of the membrane experiencing the [K'J, increase. This relation is derived formally in the "Appendix."
Intracellular recordings were made from Miller cells in both salamander and frog retinal slices. Cells were penetrated in their cell bodies, in the inner nuclear layer of the slice. In salamander slices, only cells that lay within the first 30 pm below the cut surface of the slice were used. In frog slices, cells lying within the top 100 lrn of the slice were used.
Localized [K'10 increases were produced at the cut surface of the slice by pressure-ejecting a 100 mM KCI solution from extracellular pipettes. A pipette was lowered until it compressed the cut surface of the slice. K+ solution was forced into the slice as pressure was applied to the pipette.
When a Miller cell was penetrated, its position within the slice could not be determrned visually because the pipette tip was not visible. The location of the penetrated cell was determined, instead, The results of one such K+ ejection series in a salamander slice are illustrated in Figure 4 . K+ ejection in the optic fiber layer produced a cell depolarization of 49 mV, whereas ejections in the ganglion cell, inner plexiform, inner nuclear, outer plexiform, and outer nuclear layers produced depolarizations of 35, 5.5, 14, 9.5, and 3.5 mV, respectively.
A summary of the amplitudes of responses evoked by localized K+ ejections in both salamander and frog retinal slices is given in Table I . In both preparations, K+ ejections in the optic fiber layer evoked responses that were approximately twice as large as those generated by ejections in the ganglion cell layer (roughly 14 pm away) and 2 to 17 times larger than were responses to ejections in other retinal laminae.
Responses to K+ ejections at a single retinal location were generally quite reproducible, even when the ejection pipette was moved between trials. This was not true for K+ ejection responses in the optic fiber layer. The amplitude of optic fiber layer responses sometimes varied as much as 50% when the ejection pipette was moved only a few micrometers. One had the impression that the K+-sensitive region of the cell within the optic fiber layer was restricted to a very small area. cells. The K+ ejection responses described above may not reflect the true distribution of K+ conductance along the Miller cell surface because different regions of the cell membrane might not be equally accessible to the ejected K+, A tortuous diffusion pathway between the slice surface and the Mijller cell membrane in a particular retinal layer might cause a reduction in the depolarization evoked by a K+ ejection in that layer. Indeed, the variations in the time courses of the K+ responses seen in Figure  4 suggest that there are differences in membrane accessibility within the retinal slice.
This problem was circumvented by repeating the K+ ejection experiments on dissociated Mtiller cells, which had membrane surfaces that were directly accessible to ejected K+. Experiments were performed on dissociated cells of the salamander which proved easier to isolate and record from than cells of the frog. A photograph of a dissociated salamander cell is illustrated in Figure 5 . Visible are the following Miller cell structures: (a) the distal end of the cell, which lies at the outer limiting membrane in the intact retina; (b) the cell body, lying in the inner nuclear layer; (c) the stalk region, which extends through the inner plexiform layer; (d) the lateral surface of the endfoot, which lies within the optic fiber layer; and (e) the proximal surface of the endfoot, which lies against the inner limiting membrane in the intact retina. responses were recorded with patch electrodes attached to the cell body region of isolated cells. An extracellular pipette filled with 100 mM KCI was positioned against specific regions of the Mtiller cell surface (see Fig. 5 ). K' ejected from the pipette raised [K'10 locally and produced a localized membrane depolarization which was recorded in the cell body.
The results of one series of K+ ejections is shown in Figure 6 . A 
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Vol . 5, No. 8, Aug. 1985 5msec pulse of K+ ejected at the proximal surface of the endfoot (Fig. 6e ) generated a transient 26.8.mV response. When the ejection pipette was moved to the lateral face of the endfoot, a distance of only 15 pm, the response to the same 5msec pulse of K+ was reduced 12.8-fold to 2.1 mV (Fig. W) . K+ ejections directed at more distal regions of the cell (Fig. 6 , a to c) produced responses 0.4 to 1 ,l mV in amplitude. This variation in response amplitude cannot be due to response attenuation along the length of the Mtiller cell: the largest response was generated at a location most distant from the recording electrode. These responses are replotted in Figure 7 so that their peaks are normalized to the same amplitude. All five responses peak at approximately the same time. Traces a, b, and e in Figure 7 all have similar trme courses. The secondary depolarizations seen in traces c and d are due to diffusion of ejected K+ to the endfoot surface. The srmilanty of the initial time courses of these responses indicates that ejected K+ had equal access to the Mtiller cell surface for all five electron locations.
Similar results were obtained in a total of 17 dissociated salamander cells. Ejections directed at the proximal surface of the endfoot produced responses 6.7 times larger than did ejections directed at the lateral endfoot surface (a mean distance of only 11.5 pm away) and 24 to 50 times greater than did ejections directed at other regions of the cell. K+ ejection responses were quite repeatable, even when the ejection pipette was repositioned between trials. This was true for all five locations on the Muller cell surface. K+ response results from dissociated cells are summarized in Table I. K+ ejection responses were also recorded from dissociated Muller cells bathed in perfusate containing 10m5 M ouabain. As described above, ouabain treatment leads to cell depolarization. However, the ratio of response amplitudes evoked by ejections directed at different cell regions remained largely unchanged. K+ ejections directed at the proximal face of the endfoot generated cell depolarizations 6 to 41 times greater than did ejections directed at other cell regions in these ouabaln-treated cells (n = 3).
cases, began to repolarize as the cut end of the stalk resealed. A large increase in the input resistance of the remaining portion of the cell was measured within seconds of the visually observed resealing of the stalk and the onset of repolarization.
An intracellular record made during the dissection of one such cell is shown in Figure 9 . Following stalk section (Fig. 9, arrow) , E, fell from -86 mV to -13 mV and then, over the next 10 min, repolarized to -78 mV. In other cases, cells repolarized to E, values ranging from -42 to -101 mV.
impedance of dissociated Miiller cells. If a significant fraction of total Mtiller cell membrane conductance lies in the endfoot process of the cell, removing this structure should cause an increase in cell input resistance. This was tested by measuring the input resistance of dissociated salamander Mtiller cells before, during, and after surgical dissection of the cell.
The input resistance of Individual cells was measured with patch electrodes attached to the cell body. While monitoring cell impedance in the cell body, the stalks of these cells were cut by compression with a glass needle (see Fig. 8 ). The cell membrane potential dropped to near zero as the stalk was severed and then, in many The impedance records made from one dissected cell are shown in Figure 10 , A and B. In the intact cell (Fig. 1 OA) an input resistance of 7.3 megohms and an input time constant of 0.83 msec were measured. Following removal of the endfoot process (Fig. lOB) , the cell resistance rose 22-fold to 160 megohms while the cell time constant increased 21-fold to 17.7 msec. Because of the large increase in cell resistance following stalk section, the amplitude of the current pulses used to measure cell impedance was reduced from 1 nA to 0.1 nA.
A total of 14 A. tigrinum Mtiller cells were dissected in this manner. Cell resistance rose an average of 21-fold to 164 f 82 megohms when the endfoot process was removed while the cell time constant rose 19.fold to 13.5 f 6.8 msec in these cells. A second series of impedance measurements of endfoot-shorn cells was obtained in a somewhat different manner. The dissociation procedure used to prepare isolated Mijller cells produced a significant number of cells that were missing their endfeet. The endfeet of these cells were presumably sheared off during trituration of the retina. These endfoot-less cells often retained their stalk processes and thus were more "intact" and perhaps healthier than were the surgically prepared endfoot-shorn cells, the stalks of which were often resorbed Into the cell body following section.
The input impedance of this "self-prepared" population of endfootshorn cells was measured with patch electrodes attached to the cell body. The input resistance and time constant values measured in these A. tigrinum cells were similar to the values measured from endfoot-shorn cells prepared by microdissection. The mean input resistance of these cells was 135 + 64 megohms while the cell time constant was 10.9 +-6.3 msec (n = IO). The results both from this sheared population of endfoot-less Muller cells and from the microdissected population were combined and are given in Table II. impedance of isolated endfeet. It is possible that the high input resistance measured in endfoot-shorn Miller cells does not accurately reflect the normal, in situ properties of the cell but is caused by the mechanical disruption of the cell membrane or, perhaps, by a change in the ionic composition of the cytoplasm. This possibility was tested by measuring the input impedance of isolated endfoot processes prepared by the same microdissection procedure used to isolate cell bodies.
The response of one such isolated endfoot to an applied current pulse, recorded at a fast sweep speed, is shown in Figure 1 OD. This record was obtained by patching onto the endfoot process of an intact cell and then cutting the stalk of the cell. The record was made immediately after the proximal end of the cut stalk resealed and the endfoot process repolarized (to -93 mV). The input resistance of this isolated endfoot was 12.3 megohms and the time constant was 0.11 msec. The impedance record of an intact cell, recorded at the same sweep speed, is shown in Figure IOC for comparison.
Results from a series of endfoot recordings are given in Table II . When the distal half of the cell was surgically removed, leaving only the endfoot and proximal half of the stalk, the mean cell resistance rose to 14.9 megohms, whereas the mean cell time constant fell to 0.17 msec. The relatively small difference in cell resistance between intact cells and isolated endfeet demonstrates that surgical disruption of the stalk membrane does not, in itself, lead to a large increase in cell input resistance.
Recordings made from the isolated endfeet of dissociated cells were not as stable as those made from intact cells or from isolated cell bodies. Endfoot recordings were often accompanied by swelling or other changes in appearance of the endfoot process. These visual changes were accompanied by a steady increase in cell input resistance, suggesting that the conductance of the endfoot membrane was being disrupted by the electrode recording. The input resistance of isolated endfeet often increased from approximately 10 megohms to several hundred megohms within a matter of minutes. Such increases in cell resistance were not observed when patch electrodes were attached to the cell bodies of intact cells or endfoot-less cells.
Thus lability of endfoot conductance probably accounts for most of the difference between the cell input resistance measured in intact cells (7.9 megohms) and the resistance measured in isolated endfeet (14.9 megohms). Even in the most stable endfoot penetra- Rasmussen (1975) in an electron microscopic study of cells in the intact retina, found Mijller cell surface area to vary from 2,038 pm' in the grass snake to 20,325 pm2 in gecko. The value of 5,540 Frn2 measured in the present study probably underestimates the true surface area of dissociated salamander Mtiller cells because it was assumed that, except for the distal end of the cell, the cell surface was entirely smooth. The surface area of salamander Mtiller cells in vivo must be larger still because they contain many cell processes which are resorbed when the cells are isolated.
Discussion
K+ selectivity of Mdler cells
One of the characteristic features of glial cells is their membrane selectively for K' (Orkand, 1977) . Results from the ion substitution experiments described here demonstrate that Miiller cells, as well, have membranes which are highly selective for K'. An estimate based on fitting the data with the Goldman equation suggests that the ratio of K+ to Na+ permeabilities in Mtiller cells is 49O:i. Similar measurements made in cultured oligodendrocytes indicate that the K' conductance is 200 times greater than the Na+ conductance in these cells (Kettenmann et al., 1983 ).
Glial cells of the leech have been shown to have appreciable Clconductance as well as K+ conductance (Walz and Schlue, 1982) . A reduction of [Cl-] , in these invertebrate cells is followed by cell depolarization and an increase in cell input resistance. In contrast, as described here, R. pipiens Muller cells experience negligible changes in E, and input resistance when [Cl-], is reduced, indicating that its membrane is largely impermeable to Cl-. Glial cells of other vertebrate species have also been shown to be impermeable to Cl-(Kettenmann et al., 1983; Walz et al., 1984) .
Recent experiments in cultured astrocytes (Walz et al., 1984) and oligodendrocytes (Kettenmann et al., 1983) demonstrate that these cells do not behave as ideal K+ electrodes when [K'J, is raised, even though their membranes are exclusively permeable to K+. This occurs because increases in [K'J, trigger a net uptake of K+ which increases intracellular [K+] . As demonstrated in the present study, Mtiller cells do behave as ideal K+ electrodes for [K'10 greater than 2.5 mM. This suggests that, unlike some other types of glia, MiXer cells do not take up K+ when [K'],, is raised, at least during the exposure times used in the present study (2 to 3 min).
Distribution of K+ conductance
The most important finding of this study concerns the strikingly nonuniform distribution of K+ conductance across the Miller cell Cell body penetrations yielded a Mtiller cell input resistance of 8.5 megohms, whereas endfoot penetrations yielded a value of 4.8 megohms.
This difference demonstrates that the conductance of the endfoot region is greater than the conductance of the cell body.
The magnitude of this conductance difference depends on the resistive coupling between the two cell regions. Figure  11 illustrates a circuit which was used in analyzing these results. Here, a frog Mtiller cell is modeled by two membrane regions representing the endfoot (R,) and cell body (R,) portions of the cell. They are coupled by an internal resistance (R,) representing the resistance of the stalk region.
From the experimental measurements, we know that the equivalent resistance of the circuit, as measured at the endfoot node, is 4.8 megohms whereas the resistance measured at the cell body node is 8.5 megohms. Let us assume that the cell body membrane (R,) has a total resistance of 100 megohms (probably an underestimate Other processes may be lost during the dissociation procedure.
A measurable fraction of the cell conductance could reside in these lost processes.
It is also possible that resorption lowers the conductance of the processes. In either case, the measurements made on dissociated cells would underestimate the true, in vivo conductance of the cell body region of Mijller cells (but see below).
K+ response of distal end of cell. The distal end of the Miller cell is composed of microvillar extensions (Pedler, 1963) which increase the effecttve surface area of this cell region. A K+ ejection directed toward the microvilli would produce a larger K+ response than a similar ejection directed at the cell body because of the increased surface area. Thus, the actual specific membrane conductance of the distal end of the cell may be smaller than the value indicated by the K+ ejection responses.
Time course of K+ responses. Although the time courses of the rising phase and peak of the K+ responses recorded from different cell regions were similar, they were nbt Identical. As seen in Figure 7 , the K+ resoonse of the oroximal endfoot membrane (e) peaked slightly earlier than did the responses of other cell regions (7.6 f 1.4 versus 8.6 + 2.3 msec; n = 17). This difference in response time course most likely arises because the region of the proximal endfoot surface responding to elected K+ is slightly smaller (and thus closer to the ejection pipette) than the cell surface region responding to ejected K+ in other parts of the cell.
This suggests that the region of high membrane conductance occupies a relatively small area on the endfoot surface and means that the amplitudes of endfoot K+ responses underestimate the true conductance of the endfoot membrane.
(If a larger area of high conductance membrane responded to ejections on the proximal endfoot surface, larger K+ responses would be generated.)
Newman Vol. 5, No. 8, Aug. 1985 Retinal slices. The simple relation between K+ response amplitude and specific membrane conductance derived in the "Appendix" assumes that equal areas of membrane are exposed to [K'10 increases having similar magnitudes and time courses. As illustrated by the near identity of the initial time courses of the K+ ejection responses recorded from isolated cells (Fig. 7) these assumptions are valid for the dissociated cell preparation. These assumptions are not valid, however, for K+ ejections in retinal slices.
First, there are differences in the diffusion pathway from the site of ejection to the Mtiller cell surface in retinal slices. K+ diffusion into the plexiform and nuclear layers is slower than is diffusion onto the endfoot membrane. This accounts for the differences in K+ response time course seen in Figure 4 . A tortuous diffusion pathway reduces the amplitudes of cell body responses relative to endfoot responses. On the other hand, the volume fraction of extracellular space is much smaller within the retinal slice (3 to 13%; Karwoski, et al., 1985) than it is at the endfoot surface (100%). This results in a smaller dilution of ejected K+ within the slice than at the endfoot membrane and to larger K+ ejection responses in the cell body region.
In addition, the amplitude of responses evoked by K' ejections in the optic fiber layer of retinal slices was extremely sensttive to the location of the ejection pipette, suggesting that there was a restricted area of endfoot membrane with high K' sensitivity. In contrast, the K+ responses in other retinal layers were not very sensitive to the ejection pipette location, implying that a larger membrane surface area was responding to increases in [K'10 in these layers.
In short, it is difficult to analyze the results of K+ ejections in the retinal slice preparation in a quantitative fashion. However, it can be reasonably concluded from the responses recorded in these experiments that the membrane conductance of the endfoot is significantly larger than the conductance of other cell regions.
Specific membrane capacitance
The specific membrane capacitance of dissociated salamander Mtiller cells can be estimated from the data obtained in this study. Intact cells have a total capacitance of 98 pF/cell and an area of 5540 pm*. Thus, the cell membrane has a specific capacitance of 1.77 pF/cm'. Kettenmann et al. (1984) have measured a nearly identical specific membrane capacitance of 1.7 pF/cm' for cultured mouse oligodendrocytes.
Specific membrane resistance
The specific membrane resistance of the cell body and endfoot regions of salamander Mtiller cells can be estimated from the impedance measurements made on dissociated cells. Isolated cell bodies (endfoot-shorn cells) have a resistance of 152 megohms and a capacitance of 85 pF (see Table II ). Assuming a specific membrane capacitance of 1.77 pF/cm', a specific membrane resistance of 7300 ohm-cm* results. This large specific resistance is reflected in the long time constant of isolated cell bodies (12.4 msec; Fig. IOA) .
Similarly, the resistance and area of the proximal face of the endfoot must be determined in order to calculate the specific resistance of this region of the cell. The absolute resistance of salamander Mtiller cell endfeet can be estimated using the circuit shown in Figure 11 . For dissociated salamander cells, R, = 152 megohms, R, = 1 megohm, and the input resistance as measured in the cell body equals 7.9 megohms. This results in an endfoot resistance, R,, of 7.3 megohms,
The area of the proximal face of the endfoot, where most of the high conductance of the cell is presumably located, equals 442 pm'. Given a total resistance of 7.3 megohms, this region of the cell has a specific resistance of 32 ohm-cm'. This value can be compared to the specific resistance of the frog node of Ranvier, which is a region of membrane having a high density of K+ channels. The frog nodal membrane at rest, which is largely permeable to K+ (glea,J, has a specific resistance of approximately 25 ohm. cm" (Hille, 1984) .
The low specific resistance of the endfoot membrane accounts for the short time constant of isolated endfeet measured in this study (0.17 msec; Fig. IOD ). This time constant would actually be severalfold shorter still if isolated endfoot processes could be prepared so that they contained only the low resistance endfoot membrane and none of the high resistance membrane of the stalk or lateral face of the endfoot. Based on an endfoot specific resistance of 32 ohm. cm* and a cell body specific resistance of 7300 ohm-cm', the ratio of the specific resistances of the two regions of the Mijller cell is estimated to be 1:228. This ratio is somewhat higher than the 1:57 value of specific resistances which was obtained from the K' response results analyzed above. The reason for the discrepancy between these two values is not clear, although the difference may be partially due to difficulties in measuring membrane conductance accurately in the K+ ejection experiments. If, as suggested above, K+ ejection responses underestimate the conductance of the endfoot membrane, the calculated ratio of specific resistances would actually be greater than 1:57. In any event, both the impedance measurements and the K+ response experiments leave little doubt that the specific membrane resistance of the endfoot process is a great deal smaller than the specific resistance of the remainder of the cell.
Estimates of the specific membrane resistance of other types of astrocytes fall between the values of the specific resistance of the endfoot and cell body regions of Miller cells: astrocytes in cat neocortex, 193 to 482 ohm .cm* (Trachtenberg and Pollen, 1970) and 603 ohm. cm2 (Glotzner, 1973) ; cultured astrocytes, 326 ohm. cm2 (Trachtenberg et al., 1972) and 2000 to 3000 ohm. cm' (Kimelberg, 1983) . It is possible that the specific membrane resistances measured in these cells do not represent the true specific resistance of any single patch of membrane but rather represent an average of a high resistance cell body membrane and a low resistance endfoot membrane. (The "averaged" specific membrane resistance of dissociated Mijller cells calculated from the impedance measurements made on intact cells in this study is 438 ohm. cm'.
Nature of endfoot conductance The physical substrate underlying the high K+ conductance of the endfoot membrane is not known, although a high density of passive K+ channels is a likely possibility. Raviola (1977) has demonstrated in a freeze-fracture study of the monkey retina that there is a high concentration of orthogonal arrays of intramembranous particles (assemblies) on the Mtiller cell endfoot membrane which is directly apposed to the vitreous. Assemblies are also found on those surfaces of endfeet of brain astrocytes which face the capillaries and the pial surface (Landis and Reese, 1974) . The function of these assemblies is not known. However, their distribution closely matches the distribution of high K+ conductance in Miller cells, suggesting that assemblies may contain K+ channels. (It should be noted that assemblies in amphibian Mijller cells and astrocytes are not found in high concentrations as they are in mammals; Landis and Reese, 1981; Wujek and Reier, 1984) .
It was noted above that the K+ conductance of the endfoot process was susceptible to damage produced by the patch clamp electrodes and by swelling. Input resistance rose when the endfoot was mechanically stressed. Assemblies are similarly susceptible. The normal distribution of assemblies within the endfoot membrane of astrocytes is disrupted by mechanical stress occurring during cell dissociation (Anders et al., 1983) . This is additional evidence linking the presence of assemblies with high K+ conductance.
Function of high endfoot conductance The primary finding of this study is that the membrane conductance of Miller cells is distributed in a remarkably nonuniform manner across the cell surface: 95% of the cell conductance is localized in the endfoot process. The results further indicate that this high conductance region is largely restricted to the proximal surface of the endfoot, that portion of the cell which is directly apposed to the vitreous fluid in situ. This conductance distribution has important
The relationship between Mtiller cell responses to focal K+ ejections and the specific conductance of the cell membrane may be derived by using the ohmic model of a Mtiller cell illustrated in Figure  12 . This idealized cell is composed of n membrane segments, each representing a different region of the cell surface. Each segment has a membrane conductance, g,. The conductance of the proximal face of the endfoot is represented by gl. All membrane segments except the endfoot segment (g, through gn) are a,sumed to be coupled together by an internal space having zero resistivity. This is a good approximation of the cell body-distal end of the cell which should remain isopotential due to its large internal volume.
The endfoot membrane region will not remain isopotential with the remainder of the cell following a localized depolarization because it is coupled to the cell body by the long stalk process. The resistance of the stalk is modeled in the equivalent circuit by resistance l/g*. It has the value 4.3 megohms for Rana cells (see calculations under "Discussion") and a value of 1 .O megohm for the stouter stalks of 
Thus, we obtain the simple relation that the amplitude of a response produced by a localized K' ejectron is directly proportional to the conductance of the membrane segment being depolarized. When calculating the relative conductance of the proximal face of the endfoot (segment I), the conductance of the stalk must be included in the relation V,/V, = (g, in series with gs)/g,
For the calculations performed in this study, g, was set to l/(7.3 megohms) and g, to i/(1 megohm). 
